The relationship between surface water and groundwater not only influences the water quantity, but also affects the water quality. The stable isotopes (δD, δ 18 O) and hydrochemical compositions in water samples were analysed in the Second Songhua River basin. The deep groundwater is mainly recharged from shallow groundwater in the middle and upper reaches. The shallow groundwater is discharged to rivers in the downstream. The runoff from upper reaches mainly contributed the river flow in the downstream. The CCME WQI indicated that the quality of surface water and groundwater was 'Fair'. The mixing process between surface water and groundwater was simulated by the PHREEQC code with the results from the stable isotopes. The interaction between surface water and groundwater influences the composition of ions in the mixing water, and further affects the water quality with other factors.
Introduction
Surface water and groundwater are the key resources for sustainable development of society and environment. The interaction between surface water and groundwater is one of the processes of hydrologic cycle. Furthermore, groundwater and surface water interacts throughout all landscapes (Winter et al. 1998) . The relationship between surface water and groundwater interactions is commonly investigated at the river reach scale, and is generally classified as connected or disconnected type systems (Banks et al. 2011) . The stable isotopes (δD, δ 18 O) and hydrochemistry are widely applied to study the interaction between surface water and groundwater (Ayenew et al. 2008; Baskaran et al. 2009; Banks et al. 2011; Mori et al. 2015) . The stable isotopes and hydrochemical composition move with water in the hydrological cycle. Consequently, the isotopic composition of water and hydrochemical techniques can be used to characterise the fingerprint of water movement. The case studies on the relationship between surface water and groundwater are well documented in the literature (Promma et al. 2006; Krause et al. 2007; Brunner et al. 2011) .
When groundwater mixes with surface water, they impart their characteristics upon one another, and unique gradients develop for each parameter (Gardner 1999) . The interaction between surface water and groundwater affects the hydrochemical composition of water bodies, and influences the water quality further. To understand the impact of the interaction between surface water and groundwater on the hydrochemical composition, the PHREEQC code was undertaken to quantitatively simulate the geochemical mixing process of surface water and groundwater (Thyne et al. 2004; Parkhurst and Appelo 2013) . The water quality index (WQI) transforms water quality parameter levels to an integrated indicator value, and describes the general situation of water bodies (Melloul and Collin 1998; Štambuk-Giljanović 1999; Cude 2001) . The WQI performed by the Canadian Council of Ministers of the Environment (CCME) is an efficient water quality index, providing a general and readily understood description of water (Lumb et al. 2006; Akkoyunlu and Akiner 2012) .
The whole length of the Second Songhua River is approximately 958 km, with an annual mean river flow of 14.8 km 3 (figure 1). The Second Songhua River and Nen River meet near Songyuan city to form the Songhua River (Lin et al. 2008) . The Second Songhua River is the main drinking water source for Jilin and Changchun cities. Thus, the water quality is very important to society and humans. The majority of water quality studies are of heavy metal, toxic organic pollutants and other water quality indices (Liu and Yu 1999; Yu et al. 2003; Lin et al. 2008; Sun et al. 2014) . However, the mixing processes between surface water and groundwater, and water quality influenced by the interaction are little studied (Bai et al. 2011) .
The surface water and groundwater are significant to ecosystem and society in the Second Songhua River basin. Furthermore, mixing of surface water and groundwater is the base to understand the water evolution and water quality. The purposes of this study are to: (1) quantitatively interpret the relationship between surface water and the groundwater by hydrogen and oxygen stable isotopes; (2) simulate the hydrochemical composition and discuss the mixing processes of the surface water and groundwater; and (3) assess the water quality of surface water and groundwater.
Study area

Study site description
The Second Songhua River basin (124
• 36 -128
• 50 E, 41
• 44 -45 • 24 N) is located in the Jilin province, northeast China (figure 2). The total area of the Second Songhua River watershed is 7.34× 10 4 km 2 . The mean annual precipitation is about 562 mm, and 60% of the precipitation occurs during June-August (Bai et al. 2011) .
The dark brown soil and white pulp soil distribute in the upper reaches. The meadow soil, swamp soil and alluvial soil distribute in the mountain valley. The black soil, white pulp soil and meadow soil occur in the middle reaches of the Second Songhua River. The soil distributions in the downstream are chernozem, meadow soil, sand soil, alluvial soil and alkaline soil (figure 3a). The primeval forest and natural secondary forest are located in the upper reaches, with the forest coverage rate more than 70%. 40% of area in the middle reaches is forest, the rest is farmland. More than 90% area in the downstream is farmland, the main forest is poplar planted to prevent desertification by the wind (figure 3b). 
Hydrogeology
The elevation above sea level increases from northwest to southeast in the Second Songhua River basin. The altitude of most area ranges from 300 to 800 m. The Baiyun Peak (altitude 2691 m) is the highest mountain in the Changbai Mountains. The geological landforms are mountain areas, trough fault basins, diluvial plains, and alluvial plains from upper reaches to downstream, respectively. The aquifer of the river valley contains two layers. The first layer is sandy loam and clay, and the second layer is sand gravel. However, the unified aquifer in the alluvial plain consists of Holocene accumulation and the fine sand of Pleistocene series (Bai et al. 2011) . The upper layer of the geology is loesses, and the bedrock is mudstone in the plain area near Changchun city. The upper layer is basalt and mudstone, and the bedrock is granite and gneiss in the middle and upper reaches, respectively (Institute of Hydrogeology and Environmental Geology 1979) (figure 4).
Methods
Water sampling
Surface water and groundwater were sampled along the Second Songhua River during June 6-12, 2011 (figure 2). Surface water was collected from rivers, lakes, and reservoirs. The shallow and deep groundwater samples were collected from shallow (sampling depth <60 m) and deep (sampling depth ≥60 m) wells, respectively. Electrical conductivity (EC), pH and water temperature were measured in situ via an EC/pH meter (WM22EP, Toadkk, Japan), which was previously calibrated. One 100 mL polyethylene bottle with watertight cap was used to store filtered (0.45 μm Millipore membrane filter) water for the analysis of hydrogen and oxygen stable isotopes. Two 50 mL polyethylene bottles with watertight caps were used to store filtered water for the determination of cations and anions. One bottle was acidified with HNO 3 to pH∼2 for cation determination. The other bottle for anion analysis was kept unacidified. All samples were stored at 4 • C after bottling. The water samples were analyzed within a week in the laboratory. by titration with 0.02 N sulfuric acid on the day of sampling before filtration; methyl orange endpoint titration was used with the final pH being 4.2-4.4. The limits of detection of ICP-OES and IC are 1 μg/L and 1 mg/L, respectively. Analytical precision for major ions was within 1%. For all water samples, ion balance errors (IBE) were <10%, and most of them were <5%. The total dissolved solid (TDS) was calculated by the concentrations of major ions in water (AquaChem Schlumberger Water Services).
Analytical methods
Stable isotope analysis
Geochemical modelling
PHREEQC for Windows (PHREEQC Interactive version 3.0, U.S. Geological Survey) is a computer program for simulating chemical reactions and transport processes in natural or polluted water, in laboratory experiments, or in industrial processes (Parkhurst and Appelo 2013) . PHREEQE was capable of simulating a variety of geochemical reactions for a system, including mixing of waters, effects of changing temperature, etc. In mixing, each solution is multiplied by its mixing fraction and a new solution is calculated by summing over all of the fractional solutions. The mix data block is used to investigate the hydrochemical composition impacted by the interaction between surface water and groundwater. The mixing fraction is the contribution percentage of surface water and groundwater to the mixture, which is calculated by the stable isotopes and hydrochemical tracers.
The accuracy of a simulation is evaluated by comparing the simulated values to measurements. The relative error (re) and the standard deviation of the error (sde) are used to measure the difference between simulated results and measured values of the major ions in water (Lange 2005) .
where y m indicates the measured concentration of the ion; y c is the calculated value of the ion concentration; e is one of the ions; σ is the standard deviation.
Water quality index
The CCME WQI is a useful and efficient index to assess water quality relative to its desirable state. The index is based on a combination of three factors:
(1) The number of variables whose objectives are not met (scope):
F 1 = Number of failed variables Total number of variables ×100 (5) (2) The frequency with which the objectives are not met (frequency):
F 2 = Number of failed tests Total number of tests × 100 (6) (3) The amount by which the objectives are not met (amplitude). These are combined to produce a single value (between 0 and 100) that describes water quality (CCME 2001; GEMS 2007) . When the test value must not exceed the objective, the excursion is expressed as follows:
The normalised sum of excursions, or nse, is calculated as:
Then, F 3 is calculated as the equation:
The calculation of CCME WQI is as follows:
(10) The divisor 1.732 normalises the resultant values to a range between 0 and 100, where 0 represents the 'worst' water quality and 100 represents the 'best' water quality. The CCME WQI index is very useful in tracking water quality changes at a given site over time and can also be used to compare directly among sites that employ the same variables and objectives (CCME 2001).
Results
Stable isotopic composition
The hydrogen and oxygen stable isotope composition of water samples are shown in table 1. The reservoir water was the most enriched of the surface water samples, with mean of the δD and δ 18 O −72.0 and −9.6 , respectively. The mean values of the δD and δ 18 O in river water were −80.4 and −11.3 , respectively. The mean values of the δD and δ 18 O in lake water were the least (−83.4 and −12.0 , respectively). The δ 18 O value of spring samples were the least, with the mean value −12.4 . However, the oxygen stable isotope in shallow groundwater was close to deep groundwater, 
Characteristics of major ions
The major ions and total dissolved solid concentrations of surface water and groundwater samples are shown in table 2. The dominating cation and anion in water samples were Ca 2+ and HCO − 3 , respectively. The mean value of TDS in surface water was 179.62 mg/L, while in the groundwater it was 383.95 mg/L. The TDS concentration in groundwater was more than twice of surface water. The mean value of NO − 3 concentration in surface water was 4.03 mg/L; however, the mean value in groundwater was 30.05 mg/L. The value of NO − 3 concentration in groundwater was more than seven times greater than that in surface water. The mean value of major ion concentration in groundwater was larger than that in surface water.
The water type of most water samples were Ca-HCO 3 . The water samples in the green circle located at the right-bottom of the diamond, include two river waters (R12, R14), one shallow groundwater (G1), and one thermal spring (Q1). The water type of the river waters and shallow groundwater was Na-HCO 3 ; however, the water type of the thermal spring was Na-Cl. The evolution of water types is from the Na-HCO 3 to Ca (Mg)-HCO 3 and Ca (Mg)-Cl (SO 4 ). The guideline values of NO 3 for surface water and groundwater are 44.28 and 88.57 mg/L, respectively.
Water quality index
The CCME water quality index was applied to compare the surface water and groundwater quality for drinking. The concentrations of water quality parameters and objective values were shown in table 2. The numbers of failed variables of surface water and groundwater were 5 and 6, respectively. The total number of water quality variables was 14. Consequently, the F 1 (scope) values of surface water and groundwater were 37.71 and 42.86, respectively. The numbers of tests of surface water and groundwater not meeting objectives were 32 and 33, respectively. The total numbers of test of surface water and groundwater were 308 and 260, respectively. The missing data was not included in the total number of tests. Therefore, the F2 (frequency) of surface water and groundwater were 10.39 and 12.69, respectively. To determine the F3, the normalised sum of excursions (nse) was calculated first. The nse of surface water and groundwater were 0.182 and 0.187, respectively. With the three factors now obtained, the CCME WQI value can be calculated. The water quality index of surface water and groundwater were 77 and 73, respectively. The surface water and groundwater quality was 'Fair' (CCME WQI value 65-79), indicating that the water quality was usually protected but occasionally threatened or impaired. However, the surface water value was larger than the groundwater. Compared to the surface water, the concentrations of Na + , Cl − and NO − 3 in the groundwater were larger.
Discussion
Relationship between surface water and groundwater
The isotope tracers (δ 18 O, δD) and hydrochemical analyses were conducted to assess the groundwatersurface water interaction (Rodgers et al. 2004; Petelet-Giraud et al. 2007; Einsiedl 2012; Cook 2013) . Furthermore, the two-component equation based on isotopic mass balance was applied to quantify the relationship between surface water and groundwater (Clark and Fritz 1997) . The parameters of oxygen stable isotope and conservative Cl − anion were used to determine the relationship between surface water and groundwater. The characteristic of hydrochemical and δ 18 O value is shown in figure 6 .
At the Wujin village, the groundwater table was 6 m which was higher than the river stage height, indicating that the shallow groundwater may discharge to the river. The δ
18 O values of river water R4, groundwater G3 and the river water R6 from the upper reaches were −11.2 , −9.9 , and −1.5 , respectively. The contributions of shallow groundwater and river water from the upper reaches to the river water at Wujin village were 18.7% and 81.3%, respectively, according to the twocomponent mixing equation of oxygen stable isotope. The river water (R8) may recharge from the shallow groundwater (G7) and the river water (R9) from upper reaches. The percentages of the shallow groundwater (G7) and river water (R9) were 13.3% and 86.7%, respectively. The water tables of shallow groundwater (G12) and Songhua Lake (L2) were about 270 and 260 m, respectively. However, the deep groundwater (D1) table was 200 m at the Ailin village. The deep groundwater may be the mixture of shallow groundwater and lake water, according to the water tables. The oxygen stable isotope contents in surface water and groundwater were not significantly different. Thus, the conservative anion, Cl − , was used to examine the interaction between surface water and groundwater. The contributions of shallow groundwater and lake water to deep groundwater were 83.1% and 16.9%, respectively. The deep groundwater (D2) may also recharge from lake water (L4) and shallow groundwater (G16). The contributions of lake water (L4) and shallow groundwater (G16) were 23.8% and 76.2%, respectively, according to the oxygen stable isotope contents. Meanwhile, the contributions of shallow groundwater (G18) and river water (R21) to the deep groundwater (D3) were both 50% at the Yinma River, one of the tributaries of the Second Songhua River.
Mixing of surface water and groundwater
The environmental tracers were applied to assess the water mixing. The water mixing occurs at various scales (Woessner 2000; Liu et al. 2006; Cartwright et al. 2010) . The relationship and the percentage in the Second Songhua River were revealed by oxygen stable isotope and conservative anion. Furthermore, the PHREEQC model was used to analyse the simulated hydrochemical composition. The moles of all elements and the mass of water are multiplied by the solution's mixing fraction. The charge imbalance of each solution is multiplied by the mixing fraction and all the imbalances are then summed to calculate the charge imbalance of the mixture. All of the IBEs of the simulated mixing water were <5%. The re and the sde were used to measure the accuracy of the simulation.
The maximum absolute re value of K + cation was water sample D3, with the value 4.4 (table 3). The minimum absolute re value of Ca 2+ cation was water sample R8, with the value 0. The sde value of water sample R8 was the least, with the value 1.92. The sde value of water sample D2 was the largest, with the value 27.94. The accuracies of water samples in the upper reaches (D3, D2) were lower than the water samples in the middle reaches and downstream (D1, R8 and R4). The water in upper reaches may partly recharge from the allogenic water (Chen et al. 2011) . The groundwater circulation, parameters of the model, etc., may influence the accuracy of the simulation.
Water quality of surface water and groundwater
Not only was the CCME WQI used to compare the surface water and groundwater quality, but also the standard was applied to assess the water quality for drinking. Most surface water and ground water were good for drinking, but there were 3 ) in the groundwater samples (G3, Q4) sampled in the dry land, were exceeding the guidelines. These water samples exceeding drinking water quality standards may be affected by agricultural and built-up land uses in basin (Bu et al. 2014) .
The interaction between surface water and groundwater influences the composition of ions in the mixing water. The groundwater (G3) was exceeding the concentration of NO − 3 (with the value 112.20 mg/L). During the groundwater flow in the aquifer, the anammox and denitrification were sufficient to reduce inorganic nitrogen concentrations substantially. The denitrification activities produce N 2 in the aquifer (Smith et al. 2015) . When the groundwater (G3) interacted with river water (R6), the concentration of nitrate in the mixture river water (R4) was below the guideline (with the value 4.34 mg/L). Furthermore, the hydrochemical composition in water is affected by geological settings and geochemical processes (Senthilkumar and Elango 2013; Senthilkumar et al. 2015) . The trace element selenium is essential for humans. At the same time, high intakes of selenium are also associated with a number of specific diseases and the potential for adverse effects (World Health Organization 2011). The Second Songhua River basin is a seleniferous area. Most concentrations of selenium in water are higher than 10 μg/l (table 2). The concentration of Se in the mixture water is exceeding the guidelines, because the concentrations of Se in the source water are high.
Conclusions
The interactions between surface water and groundwater not only influence the water quantity, but also affect the water quality. The compositions of stable isotopes (δD, δ 18 O) and major ions were analysed in the Second Songhua River basin. The deep groundwater is mainly recharged from shallow groundwater in the middle and upper reaches. However, the shallow groundwater may discharge to rivers in the downstream. Nevertheless, the contribution of shallow groundwater is less than 20%. The runoff from upper reaches mainly contributes the river flow in the downstream. The CCME WQI indicated that the surface water and groundwater quality was 'Fair'. The mixing process between surface water and groundwater was simulated by the PHREEQC code. The accuracy of simulations in the middle reaches and downstream is better than the simulations in the upper reaches. The interaction between surface water and groundwater influences the composition of ions in the mixing water, furthermore, affects the water quality with other factors.
